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(57) ABSTRACT 
A system is described that treats a solver as an ordered 
sequence of steps involving the different objects that have to 
be simulated and relationships between them. Tasks and the 
order of the tasks are obtained from each object and relation 
ship. The tasks are merged into a sorted list. The solver 
traverses the list and passing each task to a corresponding 
object and relationship Where the objects are interleaved dur 
ing processing. The object or relationship then executes the 
task. 
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GENERAL FRAMEWORK FOR GRAPHICAL 
SIMULATIONS 

BACKGROUND 

1. Field 
The embodiments discussed herein are directed to a system 

that considers a solver as a sequence of steps involving 
“objects” and their “relations.” 

2. Description of the Related Art 
This discussion describes a framework for an implemen 

tation of a graphical dynamics simulator (“solver”). In com 
puter graphics there is a need to simulate the motion of inter 
acting objects over time. For example, in games virtual 
characters respond to collisions with surrounding objects and 
external forces. Usually a solver is hard coded for a ?xed 
number of obj ects and theirpossible interactions.Adding new 
types of objects and tweaking their interactions requires that 
the internal logic of the solver be modi?ed directly. This 
makes it often hard to expand or modify the solver. This is 
especially problematic when a third party wants to modify the 
solver in some way or other. In general, the third party does 
not have access to the source code of the solver and therefore 
cannot modify the solver directly. In fact this situation is quite 
common in the special effects ?lm industry. No solver will 
exactly meet the expectations of a production house. Often 
the output of the simulation is tweaked to achieve a certain 
effect. It would be much more convenient if animators could 
directly control the logic of the simulation and modify it. It is 
also important that all interactions are computed in a single 
solver. Frequently, animators use a variety of solvers for 
different effects such as rigid body motion, hair movement, 
pouring liquids or modeling cloth. The problem is that one 
solver always takes precedence over the others which intro 
duces unwanted biases. Also problematic is the handling of 
two way interaction between phenomena, like a rigid soccer 
ball being kicked into a net, this requires that the rigid body 
solver be connected to the cloth solver for the net. Having a 
single general solver that allows many different objects to 
interact resolves this problem. 

SUMMARY 

It is an aspect of the embodiments discussed herein to 
provide a solver that is not hard coded for a ?xed number of 
objects and their possible interactions, but is general and 
?exible. 

It is also an aspect of the embodiments discussed herein to 
allow animators to directly control the logic of a simulation 
and modify it. 

It is a further aspect of the embodiments discussed herein to 
provide a solver that makes no assumption about the type of 
objects that are being simulated and allows new objects to be 
added. 

It is a further aspect of the embodiments discussed herein to 
provide a single solver that allows proper interactions 
between different types of objects through an interleaving 
process. 

The above aspects can be attained by a system that treats a 
solver as an ordered sequence of steps involving the different 
objects that have to be simulated and relationships between 
them. The solver ?rst queries each object and relationship for 
the number of tasks they have to perform and their order. The 
solver merges these ordered tasks into a sorted list. A single 
time step of the solver involves a traversal of the sorted list and 
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2 
passing each task to a corresponding object and relationship. 
The object or relationship executes a task based on the order 
number. 

These together with other aspects and advantages which 
will be subsequently apparent, reside in the details of con 
struction and operation as more fully hereinafter described 
and claimed, reference being had to the accompanying draw 
ings forming a part hereof, wherein like numerals refer to like 
parts throughout. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts operations of a solver. 
FIG. 2 depicts a process used to execute tasks in the correct 

order. 
FIG. 3 illustrates interleaving objects and relations. 
FIG. 4 depicts a system. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

The discussion herein provides a solution to the problem 
discussed above. In general it is impossible to predict exactly 
all possible types of obj ects and interactions in advance. Also 
the quality of solvers evolves over time sometimes requiring 
drastic changes to the solver itself. So, having a general and 
?exible solver is desirable. The basic idea the technique dis 
cussed herein is to abstract the process of a solver into a 
sequence of steps involving “objects” and their “relations.” 
The solver has no knowledge of what these objects and rela 
tions are or do. It only schedules when they are to do some 
thing. Below this is described in more detail. 
The discussion will start with a general example. Consider 

a cloth solver. Over a single time step the operation usually 
includes the following steps: 

01: Add external wind force to the cloth 
02: Add external gravity force to the cloth 
03: Update spatial data structures of the cloth 
04: Update spatial data structures of the collision object 
05: Compute potential collision pairs between the cloth 

and itself 
06: Compute potential collision pairs between the cloth 

and the collision object 
: Resolve self-collisions of the cloth 
: Collide triangles 
: Update velocities of the cloth 
: Update velocities of the object 
: Handle stretching of the cloth 
: Handle bending of the cloth 
: Update positions of the cloth 

14: Update positions of the collision objects 
This can be abstracted by saying that a cloth solver is a 

sequence of steps involving the following “objects”: cloth, 
collision object, stretch constraint, bending constraint, wind 
force and gravity forces. The relations between these objects 
are: collision, apply force, stretching and bending. In terms of 
these objects and relations the solver steps can be rewritten as 
follows: 

01: ApplyForce (WindForce, Cloth) 
02: ApplyForce (Gravity, Cloth) 
03: Cloth.UpdateSpatialData( ) 
04: Object.UpdateSpatialData( ) 
05: Collision (Cloth, Cloth).BuildPairs( ) 
06: Collision (Cloth, Object).BuildPairs() 
07: Collision (Cloth, Cloth).Resolve( ) 
08: Collision (Cloth, Object).Resolve( ) 
09: Cloth.UpdateVelocities( ) 
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10: Object.UpdateVelocities( ) 
11: Stretch (Cloth) 
12: Bending (Cloth) 
13: Cloth.UpdatePositions( ) 
14: Object.UpdatePositions( ) 
This shows that each object or relation has to do a speci?c 

task at a given point in this sequence. For example, the cloth 
has to perform the following three tasks: 

03: Cloth.UpdateSpatialData( ) 
09: Cloth.UpdateVelocities( ) 
13: Cloth.UpdatePositions( ) 
Or 
Cloth: 03, 09, 13. 
Similarly 
Object: 04, 10, 14 
Collision (Cloth, Cloth): 05, 07 
Collision (Cloth, Object): 06, 08 
ApplyForce (Wind, Cloth): 01 
ApplyForce (Gravity, Cloth): 02 
Stretch (Cloth): 11 
Bend (Cloth): 12 
From this it can be seen that a solver is a list of objects and 

relations with some order in which they are active and per 
form some action. At ?rst the solver queries each object and 
asks how many steps it has and when they should be per 
formed. For example, cloth would respond: I have 3 steps and 
their order is {03,09, 1 3 Then, the solver merges all the data 
into a single list. It might happen that some objects have equal 
orders. This just means that their order of execution is irrel 
evant. When solving, the solver calls each object in turn with 
the current order number. It is then up to the object to perform 
whatever task based on this order number. For example, for a 
cloth this would look like: 

Solve (Orderld) 
if Orderld:03 then UpdateSpatialData( ) 
if Orderld:09 then UpdateVelocities( ) 
if Orderld:13 then UpdatePositions( ) 
End 
Say the order numbers are stored in an list Orderld[ ], then 

the execution of one time step of the solver is as follows: 

for i=1 to number of order ids do 
for k=1 to number of objects (including relations) 

object[k].Solve (Orderld[i] ) 
end 

end 

The ordering shown above, of course, does not need to be 
?xed. The order numbers can be potentially be assigned from 
outside of the object. Also they need not be consecutive as in 
the example. For example, what if a production house needs 
to insert an lmproveCollisions( ) after step 08. Then you can 
simply multiply all order numbers by 10. So, now a new 
object MyCollision can be added to the solver with one num 
ber id equal to 85: 

80: Collision (Cloth, Object).Resolve( ) 
85: MyCollision.lmproveCollisions( ) 
90: Cloth.UpdateVelocities( ) 
As noted above, in computer graphics there is a need to 

convincingly simulate the behavior of physical phenomena 
such as falling bodies, splashing liquids or deforming cloth. 
Usually their behavior is simulated using a solver based on 
physical principles. A solver takes a description of the objects 
and then computes a new state based on the current velocities 
and forces acting on the system. Such solvers are a key in 
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4 
creating realistic shots in the special effects industry and 
enhance the plausibility of an interactive video game. Tradi 
tionally solvers have been ?ne tuned for speci?c phenomena. 
For example, a lot of research has been invested in creating 
rigid body solvers, ?uid ?ow solvers or cloth solvers. This 
results in an array of solvers for each speci?c phenomenon. In 
many cases this makes it hard to model interactions between 
different elements such as pouring water on a piece of cloth. 
This discussion introduces a model that includes a single 
solver. The solver makes no assumption about the type of 
objects that are being simulated. The system also allows new 
objects to be added to the current solver. This is important 
since very often the users of the solver, such as technical 
directors in production houses, may wish to add their own 
code to the solver to create certain effects or replace compo 
nents of the solver. For example, the user might have a better 
rigid body solver and may wish to replace the one offered in 
the standard solver. 
The basic idea behind the present solution is that a solver is 

really just an ordered sequence of steps involving the different 
objects that have to be simulated and some relationships 
between them. The solver ?rst queries each object and rela 
tionship for the number of tasks they have to perform and their 
order given by a number, which is called an order number. 
Next the solver merges these order numbers in a sorted list. A 
single step of the solver involves a traversal of the order 
numbers and passing them to each object and relationship. 
The object or relationship then decides to execute a task based 
on the order number. 

Objects and especially relationships try to maintain certain 
constraints. For example, a stretch relationship tries to mini 
mize the amount of elongation in cloth. Another example is a 
collision relationship between objects where the relation tries 
to minimize the amount of overlap between the objects. Since 
these constraints often affect each other they have to be sat 
is?ed in an iterative manner. The solver has a general iteration 
scheme in which each relation is asked to call the tasks that try 
to satisfy their constraints. Each relation speci?es how many 
iterations it will perform. Herein is presented a method that 
interleaves the calls to the object within the iteration loop so 
that each object performs the required number of iterations. 

This approach separates the elements of a simulation into 
two classes: objects and relations. Examples of objects are 
external forces, particles, cloth or rigid bodies. Relations 
model relationships between these objects. Examples of rela 
tions are collisions between a cloth and a rigid body or apply 
ing a force to a particle system. However, the system treats 
both obj ects and relations as “objects” since they are concep 
tually identical from the point of view of the solver. There 
fore, in the rest of the discussion object often refers to both 
objects and relations. As depicted in FIG. 1, the solver 100 can 
be composed of the following operations: 

1: preisolve( ) 
for each time step 

2: preiiterations( ) 
3: solve( ) 
4: postiiterations( ) 

end 
5: postisolve ( ) 

Operations 1 and 5 (reference numbers 110 & 170) are only 
called at the very beginning and at the end of the simulation. 
Operations 2, 3 and 4 (reference numbers 130, 140 & 150) are 
called for each step of the simulation. Operation 3 (reference 
number 140) is comprised of an iterative loop in which 
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objects try to satisfy their constraints. The iterations are 
needed since in general a simulation is a self-affecting sys 
tem. A collision might induce a lot of stretching in the cloth, 
while the resolution of stretch might introduce penetration 
between objects. 

Each object has tasks it has to perform in each of the 5 
operations of the solver and these tasks have to be performed 
in a certain order. This is provided by having each object 
assign an order number to each of its tasks. At the beginning 
of the simulation the solver asks each object for its list of order 
numbers for each of the ?ve steps of the simulation. This is 
better explained with an example. Assume there are three 
types of obj ects A, B and C and that they are only active in step 
3 of the solver. A has two tasks fl ( ) and f2( ), B has three tasks 
gl( ), g2( ) and g3( ) while C has one task hl( ). Assume that 
the tasks have to be executed in the following order: f l( ), gl( 
), f2( ), hl( ), g2( ), g3( ). To achieve this objectA de?nes its 
order numbers to be {10,30}, B’s order numbers are {20,50, 
60} and C’s isjust {40}. The solver merges these lists into a 
single ordered list of numbers {10,20,30,40,50,60}. The 
solver at solve time then calls each object for each number in 
the list. The object then checks if the order number matches 
one of its order numbers. If yes, it calls the appropriate task. 

This procedure is made more precise by introducing the 
following notation. Let object[ ] be an array of all the objects 
that are active in the simulation and let order[ ] be the array 
that holds the merged order numbers. The simplest imple 
mentation of an algorithm that achieves the desired behavior 
of the tasks being executed in order is as follows: 

for i=0 to number of order numbers — 1 do 
for k=0 to number ofobjects — 1 do 

object[k].doitask(step,order[i]) 
end 

end 

The corresponding ?owchart 200 for this algorithm is pro 
vided in FIG. 2. After setting pointers 210 and 220, each 
object has a routine 230 called do_task(step,n) which checks 
if it has a task with order number n that has to be executed. If 
yes, it will execute the given task. In the example, object A 
would implement this function as follows: 

doitask (step, 11) 
if step = 3 then 

ifn =10 do taskfl() 
ifn = 30 do task f2( ) 

end 
end 

After the task is performed, pointers are updated 240 and 260 
and corresponding checks 250 and 270 are performed to see 
if the end 280 of the objects and order numbers has been 
reached. 

The variable “step” is a value between 1 and 5 and indicates 
which step of the solver is being executed. This framework 
also allows arbitrary objects to be added to the solver and have 
them execute tasks at any point in the solver. For example, you 
can create an object D with a single task kl( ) that has to be 
executed between f2( ) and hl( ). For this D has an order list 
of {35} and a do_task(step,n) function that executes kl( ) 
when its input is 35. 

This is not the only manner to achieve the generality that 
our framework offers. Alternatively the solver could build a 
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6 
linked list of pointers to objects and the corresponding order 
number. Then, the procedure would be: 

for each element e in the list 
e.object.doitask(order[e.order]) 

end 

However, this would require a list to be precomputed. 
Operation 3 of the solver is where each object tries to 

satisfy constraints. Rarely can the constraints be satis?ed all 
at once in one step. Typically a solver iteratively tries to 
achieve a solution. This is the approach taken in this discus 
sion. Each object has a maximum number of iteration steps 
n_max_it it is willing to perform. The solver should call the 
do_task(3,n) function n_max_it times for that object. A 
simple solution would be to simply have the object iterate that 
many times internally over its constraint satisfying code. 
However, this would give too much importance to the objects 
which have high order numbers since they will be called last. 
A better solution is to interleave the calls to the objects. If all 
the objects have the same maximum number of iteration then 
this is would be easy to achieve by simply adding a for loop of 
size n_max_it in step 3. In general, you want to iterate more 
over certain constraints than others. For a very stretchy cloth 
like material the user might care more about the collisions 
being correct then the stretch being matched exactly. There 
fore, you cannot assume that the maximum number of itera 
tions for each object is the same. 
The following interleaving scheme is provided to resolve 

these problems. First, the solver computes the largest of the 
n_max_it variables of the objects. This number is called 
n_max_it_max. Again to minimize the effect of one con 
straint over the others it is desired that all object get called at 
the last iteration step. For each object you ?rst divide n_max 
_it_max by n_max_it: 

nimaxiitimaXIStep*nirnaxiiHr 

If the remainder r were zero you would simply call the object 
every step iterates. To ensure that all the objects get called at 
the last iteration you use a counter variable counter that is 
initially equal to —r. FIG. 3 shows the ?owchart that corre 
sponds to the process 300 that is in the iteration for each 
object. This process increments 310 a count, determines 320 
whether the end 350 has been reached. If not, the task order is 
performed and the count is reset 340. It is again stressed that 
other interleaving schemes are possible. For example, each 
object could pick n_max_it random numbers between 1 and 
n_max_it_max. 
As an example consider that the maximum number of 

iterations for objects A, B and C are 6, 4 and 2 respectively. 
Then the sequence of calls will be: 

Iteration: 

l 2 3 4 5 6 

A A A A A A 
B B B B 
C C 

FIG. 3 depicts a typical system 400 in which the processes 
discussed above can be included. The system 400 includes a 
display 410 for displaying the simulation being performed, a 
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computer 420 that performs the processes and 1/0 devices 
such as a keyboard 430 and a mouse 440 for interacting with 
the processes. 

The solver includes a data structure that assists in process 
ing. The solver maintains two tables as shown below, the ?rst 
containing the ordered sequence of order ids provided by the 
objects and the second table containing a list of pointers to the 
objects involved in the solver: 

Orderilist [N] Obj ectiPointers [M] 

ordl Obj l 
ord2 Obj2 
ord3 Obj2 
ord4 Obj4 

ordN ObjM 

The system discussed herein also includes permanent or 
removable storage, such as magnetic and optical discs, RAM, 
ROM, etc. on which the process and data structures of the 
present invention can be stored and distributed. The processes 
can also be distributed via, for example, downloading over a 
network such as the Internet. 

The many features and advantages of the embodiments are 
apparent from the detailed speci?cation and, thus, it is 
intended by the appended claims to cover all such features 
and advantages of the embodiments that fall within the true 
spirit and scope thereof. Further, since numerous modi?ca 
tions and changes will readily occur to those skilled in the art, 
it is not desired to limit the inventive embodiments to the 
exact construction and operation illustrated and described, 
and accordingly all suitable modi?cations and equivalents 
may be resorted to, falling within the scope thereof. 

What is claimed is: 
1. A solver method, comprising: 
creating an ordered list of tasks involving objects and rela 

tionships between the objects to be simulated in a com 
puter; 
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simulating, in the computer, the objects and relationships 
by traversing the list of tasks and passing the tasks to 
corresponding objects and relationships; and 

repeating the traversing until a time for an end of the 
simulation is reached, wherein each object and relation 
ship comprises operations of a pre-solving operation, 
pre-iteration operation, a solve operation, a post itera 
tion operation and a post solve operation, each of the 
operations having tasks to be performed in an order and 
said creating comprises each object and relationship 
assigning an order number to each of the corresponding 
tasks. 

2. A solver method, comprising: 
creating an ordered list of tasks, comprising: 
creating an ordered sequence of steps involving objects and 

relationships between the objects to be simulated in a 
computer; 

querying the objects and relationships for tasks to be per 
formed each having an order; and 

merging the tasks into a sorted list responsive to the order; 
simulating, in the computer, the objects and relationships 
by traversing the list and passing the tasks to correspond 
ing objects and relationships with the objects and rela 
tionships treated as objects, where each object and rela 
tionship comprises operations of a pre-solving 
operation, pre-iteration operation, a solve operation, a 
post iteration operation and a post solve operation, each 
of the operations having tasks to be performed in an 
order and said creating comprises each object and rela 
tionship assigning an order number to each of the cor 
responding tasks, where each object has a least one 
constraint and said passing comprises having an object 
iterate on the constraint to ?nd a solution, where each 
object has a constraint iteration maximum and where the 
traversing comprises interleaving object processing 
responsive to the constraint iteration maximum set for 
each object using a list of order identi?ers and a corre 
sponding list of pointers to objects; and 

repeating the traversing until a time for an end of the 
simulation is reached. 

* * * * * 
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